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Theoretical calculation section

All the density functional theory calculations were performed by using the Vienna ab
initio Simulation Program (VASP) [1, 2]. The generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) form and a cutoff energy of 500 eV for
planewave basis set were adopted [3]. A 3 x 3 x 1 Monkhorst-Pack [4] grid was used
for sampling the Brillouin zones at structure optimization. The ion-electron interactions
were described by the projector augmented wave (PAW) method [5]. To assess the
adsorption properties of triethylamine on W-doped NiCo,0,, the surface model of V2
x\2 NiC0,04(111) supercell with 112 atoms is employed. The convergence criteria of
structure optimization were chosen as the maximum force on each atom less than 0.01

eV/A with an energy change less than 1 x 1073 eV.

The oxygen vacancy formation energy (E,) was calculated as follows:
E,=Eo+uo-E,

where Eg is the energies for NiCo,0O4 with oxygen defect, the chemical potentials ()
of oxygen atom are derived from the oxygen molecule.

Furthermore, the adsorption energy of TEA on the surface is defined as follow:
E.i=E7-Es-Eq

where Er, Eg, and E,, are the energies of whole adsorption system, adsorption substrates,

and TEA molecules, respectively.



A 10 \ B 100 C 10 \
o 22.6% o \ % 6
<80 g £
) ‘E i § .
§ 56.7% £ g
% 60 34.1% B & 70
£ £ ]
=]
T 50 g 5 2
= H 2 60
40 50
50
30 . . . " . . i ; ¢ ; , L N N . " L
100 200 300 400 500 60O 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C) Temperature (°C)
D o E 100 \ F 100 \
90 g9 ~ %0 15.9%
= 5 £
o = [
= 80 £ 80 S
5 i
& & 5
70 kil 1] % "
£ £ 2 5 41.9% 26.0%
=l 2 £
] E]
B 2 60 3
i = 60
50 50
50
0 100 200 300 400 500 60O 70O 0 100 200 300 400 500 600 700 0 100 200 300 400 500 GOO 700
Temperature (°C) Temperature (°C) Temperature (°C)

Figure S1. The TGA curves of different amount W doping (A) NiCoW-0, (B) NiCoW-
5, (C) NiCoW-10, (D) NiCoW-15, (E) NiCoW-20, (F) NiCoW-25.

All the samples display two distinct stages related to weight loss during annealing.
The former that occurs at the beginning of heating was ascribed to the removal of water
molecules physically adsorbed on the particle surface, whereas the latter occurs at
approximately 350 °C, which could be attributed to the elimination or decomposition
of organic component(s) in the precursor. However, with an increase in the dopant
amount, the weight loss gradually decreases, further confirming the successful doping

of W into NiCo0,0;,.
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Figure S2. DFT calculation models regarding the different doping positions of W.
Note: Ni substituted Co-1 : W atoms replace the Co atoms in CoOg4 polyhedron,

Ni substituted Co-2 : W atoms replace the Co atoms in CoO,4 polyhedron.

The substitution energy (E;) was calculated by varying the W-doping position. As
illustrated in Figure S2, the “Ni substituted Co-1" model (W atoms replace Co atoms
in the CoOg polyhedron) exhibited the lowest E; among several different NiCoW
models. This indicated that the doped W atoms preferred to replace Co atoms
coordinated with six O atoms, consistent with the direction of peak shift in XRD

pattern.
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Figure S3. The XRD pattern of NiCoW-25

The heterogeneous phases are marked by red dots.



Figure S4. The glycerate precursor FE-SEM of (A) NiCoW-0, (B) NiCoW-5, (C)

NiCoW-10, (D) NiCoW-15, (E) NiCoW-25.



Figure S5. The FE-SEM images of (A) NiCoW-0, (B) NiCoW-5, (C) NiCoW-10, (D)

NiCoW-15, (E) NiCoW-25.
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Figure S6. EDS image of NiCoW-20.
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Figure S7. The nitrogen adsorption-desorption isotherms and pore sizes distribution
curves of glycerate precursor (A) NiCoW-0, (B) NiCoW-5, (C) NiCoW-10, (D)
NiCoW-15, (E) NiCoW-20, (F) NiCoW-25.
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Figure S8. Pore size distribution of (A) NiCoW-0, (B) NiCoW-5, (C) NiCoW-10, (D)

NiCoW-15, (E) NiCoW-20, (F) NiCoW-25.
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Figure S9. The Co XPS fine spectra (A) NiCoW-5, (B) NiCoW-10, (C) NiCoW-15,
(D) NiCoW-25.
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Figure S10. The Ni XPS fine spectra (A) NiCoW-5, (B) NiCoW-10, (C) NiCoW-15,
(D) NiCoW-25.
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Figure S11. The O XPS fine spectra (A) NiCoW-5, (B) NiCoW-10, (C) NiCoW-15,
(D) NiCoW-25.
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Figure S12. Variation curves of different samples with temperature.

The curve of the baseline resistance at different temperatures is shown in Figure S12.
Evidently, the baseline resistance of the sensor decreases with increasing temperature,
which is characteristic of a p-type semiconductor. At the same operating temperature,
the baseline resistance Ra gradually increases with W-doping content (Figure S12),
which was attributed to the increased oxygen vacancies and carrier concentration due
to the W doping. Therefore, the NiCoW-20 can capture more carriers from its
conduction band, resulting in the highest resistance of the whole samples. In contrast,
owing to the formation of a heterogeneous structure, NiCoW-25 exhibits an extremely

low resistance compared to the other NiCoW samples, which is consistent with previous

characterization results.
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Figure S13. The dynamic response curve showing sensors performance (A) NiCoW-0,

(B) NiCoW-5, (C) NiCoW-10, (D) NiCoW-15, (E) NiCoW-25.
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Figure S14. The dynamic resistance curves of (A) NiCoW-0, (B) NiCoW-5, (C)

NiCoW-10, (D) NiCoW-15, (E) NiCoW-25.

This indicates that the baseline resistance of the sensor remains stable during long-

term testing.
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Figure S15. Response and recovery time of (A) NiCoW-0, (B) NiCoW-5, (C) NiCoW-
10, (D) NiCoW-15, (E) NiCoW-20, (F) NiCoW-25.
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Figure S16. Cycle stability curve (5 cycles) of NiCoW-20 to 10 ppm TEA at 180 °C.

The dynamic resistance curves (A) and the dynamic response curve (B).

Over the course of 5 cycles, the sensor exhibits good cycling stability while the

baseline resistance also remains relatively stable.
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Figure S17. Responses of the sensors to 10 ppm TEA as a function of the relative
humidity at 180 °C.

As can be seen from the Figure S17, the performance of the sensors decreases with
the increase of humidity, but remains stable in general. It indicates that the sensors

could be applied in the real environment.



Table S1. Preparation and detection of W element by XPS and ICP analysis

Sample name Designed XPS analysed ICP analysed
(Ni+Co)/W (at. %) | (Ni+Co)/W (at. %) | (Ni+Co)/W (at. %)
NiCoW-5 3.6 10.62 4.05
NiCoW-10 7.2 11.89 6.94
NiCoW-15 10.8 12.70 10.73
NiCoW-20 14.4 14.45 13.98




Table S2. The calculated BET specific-surface areas of the samples

Sample name

BET specific-surface areas (m? g!)

NiCoW-0 57.36
NiCoW-5 65.75
NiCoW-10 74.49
NiCoW-15 89.48
NiCoW-20 98.45
NiCoW-25 51.15




Table S3. The content of Oy for all samples

Sample name The content of Oy (%)
NiCoW-0 27.6
NiCoW-5 31.9
NiCoW-10 37.8
NiCoW-15 41.8
NiCoW-20 49.3
NiCoW-25 16.8

XPS is a materials surface analysis method, so such a high concentration of oxygen
defects refers to the superficial oxygen vacancies on the surface of the material. Based
on this, the whole crystal structure of the materials can be still maintained.

And this widespread presence of oxygen vacancies on the surface of the material

facilitates the adsorption of gases on the surface of the sensing material thus enhancing

the performance of the sensor.




Table S4. The substitution energy (E;) of the W-doping position in NiCo0,0;.

W-doping position The substitution energy (eV)
W substituted Ni -0.66

W substituted Co-1 -1.76

W substituted Co-2 -0.73

DFT calculations indicate that the doped W atoms preferred to replace Co atoms
coordinated with six O atoms whose valence state is +3. Meanwhile, the results are

consistent with the direction of XRD shift.



Table SS. Oxygen vacancy

formation energy of pristine NiCo,O, and W doped

NiC0204.
Sample Vacancy formation energy (eV)
pristine NiC0,04 -1.86 -2.04
W doped NiCo,04 -1.83 -1.85

DFT calculations indicate that the introduction of W into NiCo,0O, can reduce the
formation energy for oxygen vacancy (1.86 eV and 2.04 eV for pristine NiCo0,04 vs.
1.83 eV and 1.85 eV for W doped NiCo,0,), which confirms the role of W dopants in

promoting the formation of oxygen vacancies. Moreover, the DFT calculations are

consistent with XPS and EPR characterization.




Table S6. Comparison of the gas-sensing properties of various metal oxide-based

sensors to TEA.

Materials T (°C) | ¢ (ppm) | Sga (Re/Ra) | tres/trec(s) Ref.
In,03-NiO hollow sphere 200 100 33.9 140/68 [6]
Tortoise shell-like porous 220 100 ~2.6 33/42 [7]

NiCo,04 nanoplate
Hierarchical kiwifruit-like 200 100 40.15 32/41 [8]
Zn0O/ZnFe, 04
V,05 hollow spheres 370 100 7.3 40/125 [9]
MoS,/ZnO 200 100 23.57 103/134 [10]
NC-ZnSnO; 350 100 57.5 4/1040 [11]
C03;04@MnO, 250 100 9.13 — [12]
BiVO4/rGO hybrids 180 10 5.9 — [13]
CuO 200 100 ~9 21/19 [14]
AL Os/a-Fe,O3 composite 250 100 15.19 1/17 [15]
rGO/Fe,O3 nanocomposites | 280 50 24 2/7 [16]
Zn0/ZnCo,04 220 100 5.12 8/65 [17]
W-NiCo,0,4 Nanospheres 180 10 26.83 56/58 This work
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